Relying almost exclusively on their acute sense of touch, tactileforaging birds can feed in murky water, but the cellular mechanism is unknown. Mechanical stimuli activate specialized cutaneous end organs in the bill, innervated by trigeminal afferents. We report that trigeminal ganglia (TG) of domestic and wild tactileforaging ducks exhibit numerical expansion of large-diameter mechanoreceptive neurons expressing the mechano-gated ion channel Piezo2. These features are not found in visually foraging birds. Moreover, in the duck, the expansion of mechanoreceptors occurs at the expense of thermosensors. Direct mechanical stimulation of duck TG neurons evokes high-amplitude depolarizing current with a low threshold of activation, high signal amplification gain, and slow kinetics of inactivation. Together, these factors contribute to efficient conversion of light mechanical stimuli into neuronal excitation. Our results reveal an evolutionary strategy to hone tactile perception in vertebrates at the level of primary afferents.
Relying almost exclusively on their acute sense of touch, tactileforaging birds can feed in murky water, but the cellular mechanism is unknown. Mechanical stimuli activate specialized cutaneous end organs in the bill, innervated by trigeminal afferents. We report that trigeminal ganglia (TG) of domestic and wild tactileforaging ducks exhibit numerical expansion of large-diameter mechanoreceptive neurons expressing the mechano-gated ion channel Piezo2. These features are not found in visually foraging birds. Moreover, in the duck, the expansion of mechanoreceptors occurs at the expense of thermosensors. Direct mechanical stimulation of duck TG neurons evokes high-amplitude depolarizing current with a low threshold of activation, high signal amplification gain, and slow kinetics of inactivation. Together, these factors contribute to efficient conversion of light mechanical stimuli into neuronal excitation. Our results reveal an evolutionary strategy to hone tactile perception in vertebrates at the level of primary afferents.
A nimals with acute sense of touch provide an opportunity to study cellular and molecular principles of mechanoreception from an unconventional perspective (1, 2) . Tactile-foraging waterfowl of the Anatidae family rely on their acute sense of touch rather than vision to find food. Using a complex array of highly coordinated feeding techniques-straining, pecking, and dabbling-they can selectively collect gastropods, worms, crustaceans, and plant matter even in murky water with high precision and efficiency. This highly discriminatory feeding behavior relies on the acquisition and rapid processing of sensory information coming from numerous mechanoreceptors in the bill (3) .
Mechanoreceptors are cell-neurite complexes that specialize in the detection of diverse mechanical stimuli. The most numerous mechanoreceptors in the bill skin of Anatidae birds are Herbst and Grandry corpuscles, which are present at high density (up to 150 receptors per square millimeter) 50-100 μm below the epidermis of dorsal and ventral surfaces of the upper and lower bill (4, 5) . The mechanoreceptors are innervated by rapidly adapting primary afferents projecting from the trigeminal ganglia (TG) (Fig. 1A) and are best tuned to detect vibration and velocity (6) (7) (8) (9) (10) . In this sense, Herbst and Grandry organs appear functionally homologous to the mammalian Pacinian and Meissner corpuscles, respectively. Following stimulus detection, mechanosensory information is processed in the trigeminal nucleus (PrV) of the brainstem. In tactile foragers, such as ducks, PrV accounts for a significantly larger fraction of total brain volume compared with visual foragers, such as chicken (11) . This augmented neural representation reflects the need to process the complex and abundant tactile information from the primary afferents of the trigeminal nerve. However, even though the general layout of the mechanosensory system is well established, the contribution of primary afferents in stimulus detection is unclear.
In rodents, over 80% of somatosensory neurons are intrinsically mechanosensitive; i.e., they are able to directly convert physical force into excitatory mechano-activated ionic current (MA current) in the absence of other tissue components (12) (13) (14) (15) (16) (17) . Despite such an abundance of mechanosensitive neurons, only a small fraction of them are dedicated to the perception of light touch, whereas the majority are nociceptors and thermoreceptors (18, 19) . This heterogeneity significantly impedes progress in understanding the contribution of the intrinsic mechanosensitivity of primary afferents to light touch perception.
Here, we explored functional specialization of somatosensory ganglia from tactile-foraging ducks. We found that the majority of TG neurons of several duck species are light-touch receptors expressing the mechano-gated ion channel Piezo2. These features are not found in TG of visually foraging birds or in duck neurons from dorsal root ganglia (DRG), which innervate the body. Notably, duck TG, but not DRG, exhibit a significantly reduced proportion of TRPV1-and TRPM8-positive neurons, suggesting that the expansion of mechanoreceptors occurred at the expense of thermosensors and nociceptors (20) . Electrophysiological analysis showed that the majority of duck TG neurons exhibit slowly inactivating MA current with high amplitude, low threshold of activation, and steep signal amplification gain. Together, the numerical expansion of Piezo2-expressing mechanoreceptors, coupled with their augmented ability to convert physical force into excitatory current, provides an explanation for the acute mechanosensitivity of tactile-foraging ducks. Our findings thus reveal an evolutionary mechanism for the potentiation of mechanosensitivity in vertebrates at the level of somatosensory neurons.
Significance
Like vision, audition, and olfaction, mechanosensation is a fundamental way in which animals interact with the environment, but it remains the least well understood at the cellular and molecular levels. Here, we explored evolutionary changes that contribute to the enhancement of mechanosensitivity in tactile-foraging ducks. We found that the somatosensory neurons that innervate the duck bill can detect physical force much more efficiently than analogous cells in other species, such as mice. Furthermore, ducks exhibit an increase in the number of neurons dedicated to this task in their sensory ganglia and a decrease in the number of neurons that detect temperature. Our findings provide an explanation for the acute mechanosensitivity of the duck bill at the level of somatosensory neurons.
Results

Tactile-Foraging Waterfowl Expand the Proportion of Large-Diameter
Neurons in TG. We hypothesized that the exceptional mechanosensitivity of tactile-foraging waterfowl is determined, at least in part, by properties of the primary afferent neurons innervating the end organs in the bill skin. In vertebrates, the majority of somatosensory neurons are nociceptors and thermoreceptors with small (<30 μm) and medium (30-40 μm) soma diameter, whereas the least numerous light-touch mechanoreceptors have large (>40 μm) soma size (18, 19) . This size distribution is an evolutionarily conserved feature present in TG of different Chordate classes, including Mammalia (1, (21) (22) (23) , Reptilia (24) , and Aves and, in the latter case, is exemplified by the chicken (Gallus gallus domestica)-a visually foraging bird (Fig. 1B) (25) . In striking contrast, the majority of TG neurons from the tactileforaging domestic duck (Anas platyrhynchos domestica) are largediameter (>40 μm) cells (Fig. 1B) . This size distribution is exceptional and is found only in TG of infrared-sensing snakes (24) , vampire bats (21) , and star-nosed moles (1), i.e., in animals with somatosensory specialization in the head involved in the detection of innocuous stimuli.
We analyzed wild birds of the Anatidae family and observed a similar shift toward large-diameter neuronal size in the mallard (Anas platyrhynchos), the wild predecessor of the domestic duck, and in the shoveller (Anas clypeata) (Fig. 1C) . At the same time, the pheasant (Phasanius colchicus)-a visually foraging bird-and the coot (Fullica americana)-a waterfowl that does not use tactile strategies for foraging-had the typical distribution shifted toward small-diameter TG neurons. The somas of somatosensory neurons innervating the body are located in DRG. The neuron size distribution is usually similar between TG and DRG (e.g., in the mouse, Fig. S1 ) (22, 23) except in animals with somatosensory specialization in the head, whose TG exhibit a neuronal size distribution shifted toward large-diameter cells (1, 21, 24) . Similarly, only duck TG is dominated by large-diameter cells, whereas DRG has the typical size distribution dominated by smalldiameter neurons (Fig. 1D) . Thus, we show that tactile-foraging ducks exhibit TG-specific expansion of large-diameter neurons, which are normally responsible for the detection of innocuous stimuli such as light touch.
Majority of TG Neurons of Tactile Foragers Express Piezo2. To test the hypothesis that the expansion of large-diameter neurons reflects somatosensory specialization toward mechanosensitivity, we performed a pair-wise comparison of transcriptomes between TG and DRG of duck. Consistent with the overrepresentation of largediameter cells, we found that TG overexpresses neurofilament 200, a marker of medium and large mechanosensitive neurons ( Fig.  2A ) (18) . Moreover, we observed TG-specific overexpression of Piezo2, a somatosensory mechano-gated ion channel (13) . In contrast, both transcripts were expressed to the same extent in TG and DRG of chicken. Consistent with the transcriptome data, RNA in situ hybridization showed Piezo2 expression in 84.5 ± 1.0% (mean ± SEM) of duck TG neurons and in only 22.1 ± 2.1% of DRG neurons ( Fig. 2 B and C and Fig. S2 ). In wild tactile-foraging birds, we detected Piezo2 in 86.2 ± 1.9% and 84.8 ± 1.9% of mallard and shoveller TG neurons, respectively. In nontactile-foraging birds, Piezo2 was detected in 24.4 ± 3.8% (chicken), 34.7 ± 3.6% (pheasant), and 21.1 ± 2.3% (coot) of trigeminal cells ( Fig. 2 C and D and Fig. S2 ). This is in accord with earlier findings in rodent ganglia, where Piezo2 was detected in only 20-25% of TG and DRG neurons (13, 26) . Thus, our histological and differential transcriptome analyses support the notion that trigeminal ganglia of tactile foragers exhibit numerical expansion of large-diameter neurons expressing the mechano-gated ion channel Piezo2. cells. To test this, we quantified the proportion of heat-sensing TRPV1 (27) and cold-sensing TRPM8 (28, 29) neurons by RNA in situ hybridization. We found that 45.7 ± 1.7% (mean ± SEM) of duck DRG neurons expresses TRPV1 and that 10.2 ± 1.6% expresses TRPM8, which is typical for somatosensory neurons in nonspecialized ganglia of other vertebrates (1, 23, (28) (29) (30) (Fig. 2 E  and F and Fig. S3 ). In contrast, TRPV1-and TRPM8-expressing neurons were significantly underrepresented in duck TG and accounted for only 21.0 ± 1.3% and 2.4 ± 0.2% of the cells, respectively. Likewise, differential transcriptome analysis revealed downregulation of both transcripts in duck TG ( Fig. 2A) .
We sectioned bird ganglia in random planes and found that the total number of neurons per section is similar between TGs of tactile foragers and nonspecialist birds (cells per section, mean ± SD, n = 8-33: duck, 127 ± 23; mallard, 175 ± 52; shoveler, 196 ± 27; chicken, 162 ± 44; pheasant, 122 ± 12; coot, 147 ± 21) and between TG and DRG of duck (127 ± 23, n = 33; and 160 ± 63, n = 26, respectively) (Fig. S4) . These data suggest that the expansion of mechanoreceptors in duck TG has probably occurred at the expense of neurons sensing heat and cold rather than through the addition of Piezo2-positive cells.
Potentiation of Intrinsic Mechanosensitivity in Duck TG Neurons. Our findings agree with the exceptionally high number of Grandry and Herbst corpuscles in the beak skin, which can reach up to 150 receptors per square millimeter (4) . Furthermore, our data explain the enlargement of the PrV-a brain region that receives and processes tactile information from the trigeminal afferents (Fig. 1A) -which in waterfowl is among the largest in Aves (11). However, it remains unclear whether evolutionary changes also affected the ability of trigeminal mechanoreceptors to perceive mechanical force. Direct mechanical stimulation of somas of dissociated somatosensory neurons evokes mechano-activated excitatory ionic current (MA current) (12) . MA current parameters, such as activation threshold, kinetics of inactivation, and signal amplification gain, determine the amount of depolarizing charge entering the cell upon mechanical stimulation and thus define the intrinsic mechanosensory ability of the neurons. To what extent MA current parameters shape physiological sensitivity to touch is poorly understood. Given the expansion of largediameter mechanoreceptive neurons in duck TG, we sought to determine its MA current parameters in comparison with a "typical" well-characterized vertebrate. Toward this end, we performed a side-by-side comparison of intrinsic mechanosensory ability of TG neurons from duck and mouse.
Direct mechanical stimulation of TG neurons with a glass probe evoked depolarizing MA current (Fig. 3A) , which exponentially inactivated with a characteristic time constant (τ). We grouped mouse TG neurons in accord with their inactivation kinetics (13) (14) (15) (16) (17) and found fast, intermediately, and slowly inactivating cells (τ < 10 ms; τ = 10-30 ms; τ > 30 ms) in roughly equal proportions (31.7%, 36.6%, and 31.7% of all mechanosensitive neurons, Fig. 3 B-D) . In striking contrast, the majority (59.1%) of mechanosensitive duck TG neurons showed slowly inactivating MA current, whereas cells with fast and intermediate current accounted for, respectively, 18.2% and 22.7% of cells (Fig. 3 B-D) . Thus, duck TG exhibits numerical expansion of neurons capable of generating sustained excitatory current in response to mechanical stimulation. In addition, all three subclasses of duck TG neurons exhibited significantly higher MA current amplitude than corresponding subclasses of mouse neurons (Fig. 3E) . We did not find a positive correlation between MA current amplitude or τ and TG neuron soma diameter in mice or ducks (Fig. S5) . Thus, neither the amplitude nor the inactivation kinetics are a function of increased duck TG neuron soma size, but rather reflect biophysical properties of neuronal mechanotransducing molecules.
The higher amplitude of the MA current in duck TG could arise from a decreased activation threshold, from an increased gain per micrometer of stimulation depth (i.e., activation slope), or from both (Fig. S6) . Linear approximation of the active phase of the MA current-stimulus curve showed that both duck and mouse fast-inactivating neurons activated at statistically indistinguishable thresholds of 5.6 ± 0.6 and 5.0 ± 0.6 μm, respectively (mean ± SEM, P = 0.64, Mann-Whitney U test; Fig. 4 A and B) . In contrast, both intermediately and slowly inactivating duck neurons activated at significantly lower thresholds than the mouse cells (duck/mouse: intermediate, 3.5 ± 0.4/6.4 ± 0.8 μm, P = 0.009; slow, 3.0 ± 0.2/4.7 ± 0.5 μm, P = 0.002). Slope measurements showed that all three duck TG neuron subclasses had significantly higher current output per micrometer of stimulation [duck/mouse, pA*(−1)/μm: fast, 82.6 ± 31.9/12.8 ± 2.9, P = 0.005; intermediate, 103.0 ± 19.6/39.1 ± 16.1, P = 0.002; slow, 54.1 ± 8.7/23.1 ± 11.0, P = 0.002; Fig. 4 A and C] . Taken together, our data reveal that, in comparison with mouse TG neurons, duck cells require less force for mechanical activation and exhibit more current gain; i.e., they are intrinsically more mechanosensitive.
Discussion
The sense of touch is crucial for the survival efforts of many species. Similar to audition, vision, olfaction, and taste, mechanosensitivity provides a necessary means of receiving information about the environment. However, mechanosensitivity is the least understood modality at both the cellular and the molecular level (31, 32) . We have demonstrated that, to our knowledge, tactileforaging birds possess the largest-yet-reported number of TG neurons expressing the Piezo2 mechanotransducer. In ducks, this numerical expansion of Piezo2-positive TG neurons comes at the expense of the thermal sensors expressing TRPV1 or TRPM8, suggesting an evolutionary strategy that involves a reassignment of functional roles of the neurons rather than generation of additional mechanoreceptors. The partial elimination of coldsensing neurons in the duck trigeminal system could also explain the ability of ducks to immerse their bills in very cold water during the winter without diminishing feeding efficiency.
Previous studies of the biophysical basis of mechanosensitivity have focused on the density, morphology, and functional specialization of mechanoreceptors in waterfowl (4, 6, 7, 10) as well as other avian (33) (34) (35) and nonavian species (1, 2) with acute mechanosensitivity. To our knowledge, our data demonstrate for the first time that in domestic and wild tactile-foraging ducks, somatosensory neurons themselves are key contributors to enhanced mechanosensitivity.
In addition to increasing the number of neurons expressing the Piezo2 mechanotransducer, the majority of mechanosensitive responses in TG neurons of the domestic duck have been optimized in three ways: (i) a lower threshold for detecting mechanical stimuli, (ii) a higher signal amplification gain, and (iii) prolonged kinetics of inactivation, all of which increase the amount of depolarizing charge entering the cell. Thus, duck TG neurons have an augmented intrinsic ability to convert mechanical force into excitatory ionic current. With the exception of the bill tip organ, where Grandry and Herbst mechanoreceptors are encapsulated in papillae, the majority of mechanoreceptors in the dorsal and ventral surfaces of the duck bill skin are located ∼50-100 μm below the basal layer of the dermis (4). In this sense, the position of the Grandry and Herbst mechanoreceptors is analogous to all other types of mechanoreceptors in the glabrous skin of vertebrates (31, 32) . Therefore, the primary afferents that innervate the mechanoreceptors can directly participate in the detection of mechanical stimuli. The augmented mechanosensitivity of duck trigeminal neurons shown here provides a neuronal basis for tactile-foraging behavior of these species. Whether this is a general principle of mechanosensitivity potentiation in vertebrates or is unique to tactile-foraging ducks remains to be explored.
Piezo2 mediates rapidly inactivating MA current in Merkel cells (36) (37) (38) and in ∼25% of mouse somatosensory neurons (13, 39) , yet the molecular identity of MA current with slow kinetics remains obscure (40) . The presence of Piezo2 in 85% of duck TG neurons strongly suggests either that Piezo2 kinetics can be modified by unknown factors or that other somatosensory mechanotransducers must exist. Duck TG neurons can provide a way to identify such molecules.
Materials and Methods
Birds. All birds used in this study were provided to us postmortem by farmers and hunters. None of the animals were euthanized specifically for the purpose of this research, and thus Animal Care Committee approvals were waived for this study. Tissues from slaughtered domestic duck (Anas platyrhynchos domestica) and chicken (Gallus gallus domestica) were purchased at a farm where the birds are raised for human consumption. Tissues were derived from the following wild birds: mallard (A. Histological Analysis and RNA in Situ Hybridization Histochemistry. TG and DRG from adult animals were dissected and fixed in 4% paraformaldehyde in PBS for 5 d. Cryostat sections (12-15 μm thick) were processed and probed with a digoxigenin-labeled RNA. Probes were generated by T7/T3 in vitro transcription reactions using a 3.1-kb fragment of duck Piezo2 cDNA (National Center for Biotechnology Information reference sequence XM_005013106.1): primers, forward 5′-3′-GACAGTATCTCCAGCTGCTAC and 5′-3′ reverse-TTATGGACCATCAGCCCTCCCA); a 1.6-kb fragment of duck TRPV1 cDNA (XM_005023110.1): primers, forward 5′-3′-GAATTCAAAGAACCAGAAACT-GGG and 5′-3′ reverse-CAGATGCTCTTGCTCTCCTGTG); and a 2.1-kb fragment of duck TRPM8 cDNA (XM_005022933.1); primers, forward 5′-3′-GATGAAATTGTGAGCAATGCC and 5′-3′ reverse-CCAGCTGCCTGAATCGAT-GC). Signal was developed with alkaline phosphatase-conjugated anti-digoxigenin Fab fragments according to the manufacturer's instructions (Roche).
Differential Transcriptomics. Sequencing libraries were prepared from poly(A) + RNA using the Illumina TruSeq Stranded total RNA Prep Kit (RS-122-2301) according to the manufacturer's instructions. Libraries were then sequenced on the Illumina HiSeq2000 at the Yale Center for Genome Analysis, using standard protocols. Between 8 and 15 million inserts were sequenced for each sample. Fastq format Illumina sequencing reads were mapped to the Ensembl galGal4 chicken or Ensembl BGI duck 1.0 genome sequence using the STAR version 2.2.0c alignment software, using default parameters except outFilterMismatchNmax 15, outSAMstrandFieldintronMotif, outFilterIntronMotifs RemoveNoncanonical. Reads were counted using htseq-count (41) . Differentially expressed genes were identified using the bioConductor edgeR software package (42) . First, poorly expressed genes with fewer than two samples with gene expression levels >1 count per million reads were excluded from analysis. The read count data were normalized using the trimmed mean of M-values normalization method (43) . Tag-wise and common dispersions were estimated using edgeR. The edgeR exactTest function was used to identify differentially expressed genes between the TG and DRG samples. Sample relatedness was assessed with multidimensional scaling analysis using the edgeR plotMDS function. Genes with adjusted P values < 0.05 and fold change >2 were called differentially expressed.
Dissociated TG Neuron Cultures. Acutely dissociated TG neurons from adult domestic ducks were placed in ice-cold DMEM/F12 solution for 10-75 min, dissociated by treatment with collagenase (1-2·mg·ml
, 30-40 min, 37°C) and trypsin (10 min, 37°C), followed by mechanical dissociation with a plastic pipette. Dissociated cells were centrifuged at 100 × g for 10 min and then diluted with DMEM/F12 or DMEM, 10% (vol/vol) FBS, penicillin/streptomycin, and 2 mM glutamine. Cells were plated onto the Matrigel-precoated coverslips. Cells were maintained at 37°C in 5% CO 2 , 93% air for 6-48 h. Adult (>P60) mouse (C57BL/6) TG neuronal dissociation was performed as previously described (21) .
Electrophysiology. Acutely dissociated TG neurons were visualized under 63× magnification on an Axio-Observer.Z1 inverted microscope (Zeiss) using Zen Pro-2012 software, equipped with an Orca-Flash4.0 camera (Hamamatsu). Electrophysiological recordings were made using an Axon 200B amplifier, digitized using a Digidata 1440, and recorded in pCLAMP 10.3 software (Molecular Devices). One and one-half millimeter (outer diameter) patch pipettes (resistance 2-7 MΩ) were filled with the following internal solution (in mM): 130 K-methanesulfonate, 20 KCl, 1 MgCl 2 , 10 Hepes, 3 Na 2 ATP, 0.06 Na 3 GTP, 0.2 EGTA, pH 7.4, with KOH (final [K + ] = 150.5 mM). External solution contained the following (in mM): 140 NaCl, 5 KCl, 10 Hepes, 2.5 CaCl 2 , 1 MgCl 2 , 10 glucose (pH 7.4 with NaOH). The calculated liquid junction potential was 14.6 mV and was subtracted offline. All recordings were performed at room temperature. Mechanical stimulation was performed using a blunt glass probe (∼1.5-3 μm tip size) mounted on a piezoelectric driven actuator P-841.20 (Physik Instrumente). Both mechanical probe and patch pipette were mounted on MPC-325 micromanipulators (Sutter Instruments). Cells were held at −74.4 mV in voltage clamp mode and mechanically stimulated within 2 min of attaining the whole-cell configuration. Briefly, the manipulator holding the mechanical probe was positioned to contact the cell membrane under visual control. The probe was then advanced toward the cell in 1-μm increments with a velocity of 800 μm/s and then held for 150-1,000 ms before retracting. Recordings were accepted for analysis if bias current at −74.4 mV was <±250 pA, increased by <70 pA throughout the recording, and percentile. n = 41 (mouse) and 66 (duck); 11-36 cells in each group. n.s., not significant (P > 0.05). *P < 0.05, **P < 0.01, nonparametric MannWhitney U test.
series resistance was <30 MΩ. Series resistance and whole-cell capacitance were ∼65% compensated. Recordings were converted from pCLAMP format using Taro Tools and then analyzed using custom routines written in Igor Pro-6.3 (Wavemetrics). To quantify the inactivation rate constant, the decaying phase of the MA current was fit to the single exponential equation I = ΔI*exp^(−t/τ), where ΔI is the absolute change in current (pA) from baseline to peak, t is the time (s) span for the curve fit from peak to plateau, and τ (s) is the inactivation rate constant. Fitting was performed using the trust-region Levenberg-Marquardt least orthogonal distance method. The region of the trace chosen to fit began at the baseline and extended to (i) when the trace decayed to within 5% of prestimulation value, (ii) when condition A was satisfied and χ 2 /n of the fit was smallest, or (iii) when the mechanical stimulus (up to 1,000 ms for slowly inactivating traces) ended.
